Introduction
Wireless power transfer (WPT) techniques have recently been investigated for various applications, including mobile electronics, home appliances, and electric vehicles (EVs) [1, 2] . The latter has received increased attention due to a growing concern for the air pollution produced by conventional diesel/gasoline powered cars. EVs are equipped with large batteries that must be efficiently and rapidly recharged. These batteries can be charged via a WPT technology based on resonant inductive coupling to increase comfort and electrical safety in the charging process [1, 2] . WPT can also be used for charging autonomous vehicles.
The growing integration of various electric and electronic devices toward autonomous vehicle technologies has increased the need to deal with electromagnetic compatibility (EMC) and electromagnetic field (EMF) safety issues. Therefore, one of the main concerns in wireless charging of EVs is the compliance of the emitted field levels with the EMF safety standards [3, 4] .
The International Commission on Non-Ionizing Radiation Protection (ICNIRP) specifies human exposure limits in terms of reference levels (RLs), i.e., measurable fields in air without the presence of the exposed human body, and basic restrictions (BRs), i.e., electromagnetic quantities induced inside the human body to protect people against short-term or acute effects [3] . Compliance assessment of the latter limit is not mandatory if compliance with the former is assured, otherwise it is needed.
Several authors already performed the evaluation of the induced electric fields produced by EV-WPT systems [5] [6] [7] [8] [9] [10] . However, in these studies, considerable simplified assumptions (e.g., body postures or perfect electric conductive conditions for the car body) were made and therefore the dosimetric evaluation was altered by these factors. Moreover, in this study, a dosimetric analysis considering a car bodyshell in carbon fiber (CF) composite is performed for the first time. This topic is very important considering that in the future, to reduce the weight and the emission of the vehicles, advanced lightweight materials-such as CF composite-will be widely used [11] .
In recent studies from the authors [12, 13] , magnetic field levels emitted by a WPT system were evaluated for three different material compositions of the car platform and chassis: steel, aluminum, and CF composite. The analysis of the obtained results showed that the ICNIRP RLs were exceeded inside the car only for a CF composite chassis. In this study, a dosimetric analysis is therefore performed for this configuration to compare the induced electric fields inside realistic anatomical models with the ICNIRP BRs, as requested by the EMF safety standards. The condition with misaligned WPT parallel coils is also investigated to consider the worst-case exposure scenario.
Models and Methods

WPT System Configuration
At the present time, several standards for WPT applications in EVs have been established. Among these, the International Electrotechnical Commission (IEC), with the standard 61980 [14] , and the Society of Automotive Engineers (SAE), with the standard J2954 [14] , are the most adopted. They mainly specify the transfer power and the operational frequency of the WPT system, together with other parameters and specifications. Nowadays, for a medium size car, the maximum transfer power is set to 7.7 kW, while the operational frequency is set to 85 kHz [14, 15] .
However, an increase of the operational frequency is being considered in future standard development to improve system performance [15] . Thus, two operational frequencies-of f = 85 kHz and f = 150 kHz-have been considered in this study; the first for the abovementioned reasons, while the second because is the maximum admissible frequency for current WPT automotive standards. Frequency increase is also limited by the rise in the complexity of the power electronic components and by the increase of the EMF safety and EMC issues.
The magnetic field is assumed to be generated by the currents flowing into two coaxial planar coils. The electro-geometrical details of the WPT system are provided in [12, 13] and therefore are omitted here. For the sake of clarity, Figure 1 shows the WPT coil configuration, while Table 1 summarizes the geometrical parameters. The circuital parameters are instead optimized to efficiently transfer to the load a power P L = 7.7 kW with the output voltage V out = 200 V [16] . For simplicity, the load is modeled as a simple power resistor R L while the source is an ideal sinusoidal voltage generator V G with a series resistance R G [17, 18] . To improve system performance and reduce magnetic field leakage, some ferrite is used. In particular, six ferrite bars are placed under the primary coil while a ferrite disc shield is placed over the secondary coil, acting as a magnetic shield. Table 1 . Geometry parameters of the considered WPT system as shown in Figure 1 . transfer to the load a power PL = 7.7 kW with the output voltage Vout = 200 V [16] . For simplicity, the load is modeled as a simple power resistor RL while the source is an ideal sinusoidal voltage generator VG with a series resistance RG [17, 18] . To improve system performance and reduce magnetic field leakage, some ferrite is used. In particular, six ferrite bars are placed under the primary coil while a ferrite disc shield is placed over the secondary coil, acting as a magnetic shield. 
EV, Human Body Models, and Exposure Scenario
To evaluate the electric fields induced in a human being close to or inside an EV when charging the battery, a 3-D model of the car body has been created (see Figure 2 ). The car outer dimensions are: l x = 4.3 m, l y = 1.7 m and l z = 1.2 m (without wheels). The distance between the front and rear wheel axes is 2.6 m, while the distance of the car platform from the ground (when the wheels are in place) is set to 20 cm. The car body is modeled by three different materials (steel, aluminum, and CF), whose thicknesses (d) and electrical conductivities (σ) are [12] :
(1) CF composite panels (d = 2 mm, σ = 100 S/m); (2) steel panels (d = 1.2 mm, σ = 10 7 S/m);
(3) aluminum panels (d = 2 mm, σ = 3 × 10 7 S/m).
It should be noted that the CF composite panels are assumed to be composed by a homogeneous and isotropic material [13] .
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To evaluate the electric fields induced in a human being close to or inside an EV when charging the battery, a 3-D model of the car body has been created (see Figure 2 ). The car outer dimensions are: lx = 4.3 m, ly = 1.7 m and lz = 1.2 m (without wheels). The distance between the front and rear wheel axes is 2.6 m, while the distance of the car platform from the ground (when the wheels are in place) is set to 20 cm. The car body is modeled by three different materials (steel, aluminum, and CF), whose thicknesses (d) and electrical conductivities (σ) are [12] :
It should be noted that the CF composite panels are assumed to be composed by a homogeneous and isotropic material [13] . Two posable adult male human models obtained from the IT'IS Foundation Virtual Population (i.e., 'Duke' and 'Fats') [19] are placed inside the car (driving position) or just in front of the front door (standing position). The choice of these two models is due to their large size, representing a worst-case exposure scenario according to the Faraday law of induction. Dielectric properties of the human tissues have been assigned from the IT'IS database [20] , except for the skin where a higher conductivity value has been adopted [21, 22] .
Since a misalignment between the primary and the secondary coil creates higher induced fields in the human body due to the more leakage of the magnetic field and to the higher current on the coils, a coil misalignment Tr = 20 cm is considered as worst-case exposure condition. Figure 2 shows the CAD model of the car together with the posed human models for the aligned and misaligned coil positions. The distance between the driver heel and the secondary coil is 5 cm, accounting for shoes, Two posable adult male human models obtained from the IT'IS Foundation Virtual Population (i.e., 'Duke' and 'Fats') [19] are placed inside the car (driving position) or just in front of the front door (standing position). The choice of these two models is due to their large size, representing a worst-case exposure scenario according to the Faraday law of induction. Dielectric properties of the human tissues have been assigned from the IT'IS database [20] , except for the skin where a higher conductivity value has been adopted [21, 22] .
Since a misalignment between the primary and the secondary coil creates higher induced fields in the human body due to the more leakage of the magnetic field and to the higher current on the coils, a coil misalignment T r = 20 cm is considered as worst-case exposure condition. Figure 2 shows the CAD model of the car together with the posed human models for the aligned and misaligned coil Energies 2018, 11, 684 4 of 9 positions. The distance between the driver heel and the secondary coil is 5 cm, accounting for shoes, car floor, and ferrite shield.
External Magnetic Field Calculation
The external magnetic field is evaluated using the COMSOL Multiphysics software. A CAD model of the coils of the WPT system has also been realized and placed under the body floor of the car. First, the lumped parameters of the coils are extracted for each case applying Ohm's law [18] . Then, these parameters are used to analyze the WPT equivalent circuit. Finally, the values of the current on the coils obtained by the circuital analysis are assigned in COMSOL to calculate the magnetic field behavior. The resulting magnetic field is then exported with a grid resolution of 1 mm.
Internal Electric Field Calculation
The induced electric field is evaluated using the Sim4Life platform [23] . Specifically, the low-frequency (LF) magneto-quasi-static (MQS) solver has been used, as it has shown to be working up to about 10 MHz [24, 25] . The LF-MQS solver is based on the scalar potential finite element (SPFE) method. In this method, the electric field is obtained starting from the knowledge of the magnetic vector potential A. The latter is provided in Sim4Life as an 'external' source term from the previously obtained results. The magnetic flux density (B) and vector potential (A) are indeed exported in COMSOL for the several EV-WPT scenarios (aligned and misaligned coils) without the presence of the human body models. This is because the magnetic field is not altered by biological tissues at these frequencies [23] [24] [25] . A fixed grid resolution of 1 mm is used to discretize the computational domain comprised of the two anatomical models (see Figure 2 ). The electric field is then averaged over a 2 × 2 × 2 mm 3 cube according to the ICNIRP guidelines [3] . The 99th percentile is instead not used after considerations from several research groups [26] [27] [28] [29] [30] .
Results
WPT Circuit Model
The calculation of the electrical quantities of the system, in particular of the current flowing in the coils, is of paramount importance to calculate the magnetic field. For the aligned coil condition, some results have already been shown in [12] . However, in the case of a misalignment between the coils, the coupling factor between them is drastically reduced [17] . This condition leads to an important increase of the current in the coils respect to the case where the coils are perfectly aligned. Thus, the electrical quantities of the system considering the three chassis materials and the two operational frequencies of 85 and 150 kHz are reported in Tables 2 and 3, respectively. As can be observed, the current on the primary coil is much higher at the frequency of 85 kHz than that at 150 kHz due to the higher efficiency obtained by the increase of the operational frequency [12] . This leads to a reduction of the magnetic field at the higher frequencies. It should be noted that the current on the secondary coil is equal for all considered cases since the load R L is constant and the output power P L is kept fixed while adjusting the input voltage [16] . In the following, the magnetic field distribution is reported only for the worst-case at the frequency of 85 kHz. 
External Magnetic Field
The magnetic field distributions at the frequency of 85 kHz are hereby reported in Figures 3 and 4 for the conductive chassis materials (aluminum and steel) and CF composite, respectively. In the figures, the anatomical models are overlaid to facilitate the comparison with the exposure limits. For the conductive materials (see Figure 3 ), only the worse misalignment condition is analyzed. As can be observed, the ICNIRP RL (yellow line) is in this case never exceeded inside human bodies. This is because the presence of a conductive chassis effectively shields the magnetic field.
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6 of 9 Figure 4 shows the B-field distribution for the aligned and misaligned coil positions for the CF composite chassis. As can be observed, the misalignment condition (see Figure 4b ) leads to an important increase of the magnetic field level. For this case, the ICNIRP RL is exceeded in both the driver and a standing person outside the car, while for the aligned condition the RL is exceeded only in the driver. This is both due to the increase of the coil currents and the reduction of the distance between the transmitting coil and the person outside the vehicle in the misaligned position.
The maximum magnetic field for both anatomical models are reported in Table 4 . As can be observed, the overexposure compared to the RL can reach 16 dB for the aligned condition and 24.2 dB for the misaligned condition. The exceedance of the RL for the CF chassis makes the verification of the compliance with the BRs in terms of internal electric fields necessary. 
Induced Electric Field
The electric field distribution induced inside the two anatomical models is reported in Figures 5  and 6 for the aligned and misaligned coil position, respectively. The obtained results, shown as the ICNIRP BRs, are exceeded only in a few and small portions of the feet for the driving passenger, while no exceedance is observed for a standing person outside the car.
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Conclusions
In this study, both the external magnetic field and internal electric field induced inside two realistic anatomical models placed near or inside a carbon-fiber electric vehicle recharging its battery have been evaluated. From the obtained results, it is shown that the ICNIRP RLs can be exceeded by a factor up to 24.2 dB, while the basic restrictions are exceeded by 1.3 and 4.8 dB for the aligned and misaligned coil positions, respectively. This exceedance is likely confined in a small area of the driver foot only. However, to drastically reduce the magnetic field inside the vehicle, a further shielding system must be introduced. By adding a thin layer of conductive material between the receiving coil and the car platform, for example, as proposed in [13] .
As regards the comparison with previous studies, the induced electric fields were exceeded in [5] by a factor of 7.7 for an aligned WPT coil system, however the inductive power transfer system was considered with a quite unrealistic anatomical posture of a lying person reaching out with his right arm. No exceedance of the basic restrictions were instead observed in [6] [7] [8] [9] [10] [11] for different postures and anatomical models. However in those studies, the car body and chassis was considered as a metallic or perfect electric conductor notably reducing the magnetic field penetrating inside the vehicle only from the windows. Here, a carbon-fiber chassis is instead considered as the worst-case scenario, though a thin metallic shield could be employed just above the secondary coil to mitigate the field penetrating the car, as previously stated in [12, 13] .
It should also be noted that our work is a dosimetric study for a specific application only, assuming the magnetic field generated by two parallel coils in presence of ferrite. Thus, an uncertainty budget (by varying WPT source, dielectric properties, grid resolution, anatomical models, LF solvers, and so on) is not performed as our results are not meant to be generalized to all EV-WPT systems. However, the simulations of the WPT coil system, car body, and human models are realistic and show that limiting human exposure is an important design constraint for WPT systems in EVs made of composite materials.
